ABSTRACT Wolbachia species are intracellular symbionts that cause reproductive alterations in arthropods. Transinfection experiments have been performed in many arthropod species to elucidate the interaction between Wolbachia and a new host. To ease transinfection of this bacterium to new arthropod hosts, we introduced two techniques: nymphal injection instead of embryonic injection and the use of a cultured source of Wolbachia instead of direct transfer from donors to recipients. Wolbachia in the small brown planthopper Laodelphax striatellus was cultivated in a cell line and injected into the nymphal body cavity of the brown planthopper Nilaparvata lugens together with the cells. By using these techniques, two transinfected planthopper lines were obtained. In one line, Wolbachia disappeared after several generations; in the other line, Wolbachia was retained for Ͼ7 yr. Infection rates in this latter transinfected line were Ϸ80% in early generations after transinjection but decreased to Ͻ10% through 40 Ð 60 generations. Subsequent selection for Wolbachia-infected females in this line did not increase the infection rate as a temporary effect. Thus, this transinfected line of N. lugens showed cytoplasmic incompatibility, although the incompatibility level was lower than in L. striatellus, the original host. The method of transinfection presented herein is useful for transmitting intracellular symbionts between small arthropod hosts.
Arthropods harbor various microorganisms in their cells. Among them, Wolbachia species are the most prevalent endosymbionts (Werren et al. 1995, Jeyaprakash and Hoy 2000) . These obligatory symbionts are inherited maternally from generation to generation and occasionally disappear from some host arthropods (Werren and OÕNeill 1997) . However, the presence of Wolbachia often engenders various reproductive alterations for its hosts such as cytoplasmic incompatibility (CI) (Hoffmann and Turelli 1997 , Dobson 2003 , Bourtzis et al. 2003 , male killing (Hurst et al. 1997 (Hurst et al. , 2003 , parthenogenesis (Stouthamer 1997, Huigens and Stouthamer 2003) , and feminization (Rigaud 1997 , Narita et al. 2007 ). Many reports have addressed these reproductive manipulations of Wolbachia, but the molecular mechanisms of the alterations are poorly understood. The modiÞcation and rescue model has been proposed in CI (Werren 1997 . CI is a phenomenon by which the eggs laid by Wolbachiafree females mated with Wolbachia-infected males (uninfected female ϫ infected male) fail to develop, but the other three combinations of crossesÑinfected female ϫ infected male, infected female ϫ uninfected male, and uninfected female ϫ uninfected maleÑ produce offspring. In this model, Wolbachia is presumed to modify sperm in the testis; the modiÞcation prevents normal embryogenesis in Wolbachia-free eggs. In Wolbachia-infected eggs, however, this prevention is rescued by some unknown function of Wolbachia in the eggs, and embryogenesis reverts to a normal process. However, the mechanism and molecular targets of the rescue and modiÞcation in CI remain unknown. To determine the molecular mechanism of the reproductive alteration of Wolbachia, the development of improved experimental methodologies is desirable.
To elucidate the interaction between Wolbachia and host insects, Wolbachia transfer to different hosts has been performed in some arthropod species. Wolbachia transfer was Þrst reported in Drosophila simulans (Nigro 1991) . That study was followed by work in D. simulans and D. melanogaster (Boyle et al. 1993) , which suggested the importance of host factors and Wolbachia density for CI expression. Transinfection in Drosophila was further studied to elucidate the interaction between the Wolbachia strain and host insects (Rousset and de Stordeur 1994 , Giordano et al. 1995 , Clancy and Hoffmann 1997 . The primary importance of the Wolbachia strain for incompatibility phenotyping (Giordano et al. 1995) has been reported; host physiological difference is also related to incompatibility ). Transinfection of Wolbachia was further reported in Tribolium beetle Wade 1994, 1996) , mosquitoes (Braig et al. 1994 , Trichogramma wasps (Grenier et al. 1998) , and moths (Sasaki and Ishikawa 2000 , Fujii et al. 2001 , Sakamoto et al. 2005 . In these studies, both the donor and recipient were eggs: egg cytoplasm containing Wolbachia was transferred into uninfected eggs. The sole exception was the injection into adult recipients in Laodelphax striatellus (Kang et al. 2003) . Wolbachia of D. simulans (wRi) was transferred into L. striatellus, thereby yielding a double-infected line with original L. striatellus Wolbachia (wStr). Most recently, a butterßy Wolbachia was transinfected into silkworm larvae, but it failed to transmit to the next generation (Kageyama et al. 2008) .
Wolbachia can also be cultivated in insect cell lines. In vitro cultivation of Wolbachia was Þrst shown with Aedes albopictus (OÕNeill et al. 1997) . In this work, naturally infected Wolbachia were cultured in an established A. albopictus cell line. Since then, Wolbachia cultivation using cell lines has been performed for several strains (Dobson et al. 2002 , Noda et al. 2002 , Fenollar et al. 2003 . Although Wolbachia are obligatory intracellular symbionts, they are able to survive for up to 1 wk in cell-free media (Rasgon et al. 2006) . Wolbachia can also grow in mammalian cell lines (Noda et al. 2002 , Fenollar et al. 2003 .
Wolbachia in L. striatellus (wStr) induce strong CI (Noda et al. 2001a) ; no offspring result from all incompatible crosses. The developmental rate of eggs laid by females mated with aged males is usually high (Hoffmann et al. 1986 ). However, no aged-male effect was observed for L. striatellus (Noda et al. 2001a) . For that reason, Wolbachia in L. striatellus is considered a good target for studying CI. The white-backed planthopper Sogatella furcifera possessed an identical or very similar Wolbachia strain to that in L. striatellus. Partial nucleotide sequences of four genes, namely, 16S rDNA, ftsZ gene, groE gene, and wsp gene, were identical in Wolbachia of L. striatellus and S. furcifera (Noda et al. 2001b ). The CI level in S. furcifera, however, was lower than that in L. striatellus in that some eggs do develop from incompatible crosses (Noda et al. 2001a) . L. striatellus and S. furcifera show different levels of incompatibility, although Wolbachia in these two planthopper species are closely related.
In this study, we transferred Wolbachia of L. striatellus to a new host, Nilaparvata lugens. First, we established a procedure for nymphal injection of Wolbachia instead of embryonic injection. It is generally believed that injection into eggs is advantageous for germ-line transmission of Wolbachia in the injected generation and for aboiding host-defense response occurring in larval and adult stages. Injection into nymphs is, however, much easier than into eggs. Second, we tested Wolbachia cultivated from an original host as an injection source. Because wStr had already been cultured in several cell lines (Noda et al. 2002) , once we cultivated Wolbachia in cultured insect cells, we were able to prepare an adequate volume of Wolbachia at any time. Third, we studied the infection rate of Wolbachia in the transinfected line of N. lugens to evaluate its stability in the new host. Finally, we assessed the incompatibility level after introduction of wStr into the new planthopper host N. lugens.
Materials and Methods
Insects. The brown planthopper N. lugens and the small brown planthopper L. striatellus (Homoptera, Delphacidae) were collected at Izumo, Shimane Prefecture, in 1987 and were reared on rice seedlings in the laboratory at 25Ð26ЊC under a 16 h:8-h light:dark cycle.
Cultivation of Wolbachia. The Wolbachia symbiont of L. striatellus (wStr) was cultured in cell line NIASAeAl-2 cells originating from A. albopictus. The cultivation procedure resembled that described by Noda et al. (2002) . Brießy, Wolbachia cells were introduced from the ovary of L. striatellus into the cell line. The cell line was cultured in 50-ml plastic culture vessels containing 5 ml of culture medium IPL-41 (11405; GIBCO BRL, Grand Island, NY) supplemented with 5% fetal bovine serum (Sigma, St. Louis, MO) at 28ЊC.
Preparation of Injection Source. Cells containing wStr were cultured until the cells became conßuent in ßasks. The medium was removed from the cell cultures, and cells attached on the bottom of the culture vessel were recovered by pipetting the cells with 1.5 ml of fresh medium. The cell mixture was transferred into a 1.5-ml microcentrifuge tube and was centrifuged at 2,000 rpm (250g) for 5 min. The supernatant was removed, and 100 l of Linger solution (128.3 mM NaCl, 4.7 mM KCl, 1.9 mM CaCl 2 ) was added. The cell pellet was stirred vigorously for 10 s to ensure complete resuspension.
Transinfection. For injection, a glass capillary was made from a glass syringe (0.6 mm in diameter, 90 mm long; Narishige, Tokyo, Japan) with a micropipette puller apparatus (PB-7; Narishige). The wStr-infected cell solution was introduced into the glass syringe using a micropipette with a long Þne tip. The glass capillary was set on a needle holder connected to a micromanipulator (MMN-1; Narishige). Third-or fourth-instar nymphs of N. lugens were placed on ice and immobilized by cold. The solution in the capillary was injected into nymph abdomens using Transjector 5246 (injection pressure, 200 hPa; injection duration, 0.5Ð1.0 s; Eppendorf-Netheler-Hinz, Hamburg, Germany). The capillary was inserted usually at the intersegmental part between the thorax and abdomen. The nymphs were reared in glass test tubes (Ϸ130 mm height; 16 mm in diameter) containing rice seedlings.
Establishment and Selection of Infected Planthoppers. Surviving females (G 0 ) were allowed to mate with untreated males; one injected female was conÞned with two males in each glass test tube. To detect Wolbachia infection, polymerase chain reaction (PCR) assays were performed on the nymphal stages of their progeny (G 1 ). Several nymphs (Ϸ10) were selected randomly from each tube. The lines in which Wolbachia were detected were maintained. Approximately 100 adults were kept in a glass bottle (Ϸ180 mm height; 95 mm in diameter) after the G 2 generation.
Selection for Wolbachia infection was performed in the G 1 and G 2 generations. Individual mated females were allowed to oviposit, and subsequently, their infection status was tested by PCR. The progenies of the females that were positive for Wolbachia were reared together as a selected line. The original infected line without selection in G 1 and G 2 was also retained as a nonselected line. Similar selection for infection was again performed in the selected line for six consecutive generations starting at G 44 and was performed in the nonselected line for two consecutive generations starting at G 70 .
Wolbachia Infection Dynamics in the Transinfected Lines. Wolbachia infection rates in the transinfected lines were examined using PCR after the second generation (G 2 ). We sampled 40 each of adult males and females in G 2 and 50 each from G 3 to G 12 . The sampling number of planthoppers for PCR varied in later generations.
PCR Assay. Template DNA was prepared according to the STE-boiled method (OÕNeill et al. 1992) . Whole bodies of planthoppers were crushed in a 1.5-ml microcentrifuge tube containing 100 l of STE (10 mM Tris-HCl [pH 8.0], 1 mM EDTA [pH 8.0], 100 mM NaCl). The tubes were centrifuged at 10,000 rpm (5,000g) for 1 min; and 50 l of supernatant was transferred to a new tube to which 2Ð3 l of 1% proteinase K was added. The tube was incubated at 37 or 55ЊC for 20 min, with subsequent boiling for 3 min. WolbachiaspeciÞc primers 99 F/994R, which amplify Ϸ890 bp of 16S rDNA of Wolbachia (OÕNeill et al. 1992) , were used to detect Wolbachia infection in the cultured insect cells and the planthoppers. AmpliÞcation was performed in 20 l of buffer (10 mM Tris-HCl [pH 8.0]; 50 mM KCl; 1.5 mM MgCl 2 ) with 5 l M each dNTP, 10 pmol primers, and 1 U TaqDNA polymerase (Takara Bio, Shiga, Japan). To the reaction mixture, 2 l of template solution was added. The PCR thermal program was 95ЊC for 30 s, followed by 35 cycles of 95ЊC for 30 s, 52ЊC for 30 s, and 72ЊC for 2 min, and 72ЊC for 5 min as a Þnal extension after the last cycle. For PCR template quality validation, N. lugens mitochondrial-speciÞc primers, forward 5Ј-GGATTAACAGGT-GTAATATTATCAAATTC-3Ј and reverse 5Ј-TAATA-GACATGGTGTGGTCATGAA-3Ј, which amplify Ϸ640 bp in the CO IÐCO II region, were used. The PCR products were electrophoresed on a 1% agarose gel and stained with ethidium bromide.
Real-Time Quantitative PCR. The density of Wolbachia in the whole body of the transinfected N. lugens was measured using quantitative PCR (Q-PCR) based on the ftsZ gene. Procedures, including hybridization probes, PCR primers, standard DNA, and PCR conditions, were performed according to Noda et al. (2001a) . Males and females were sampled at 0, 4, and 9 d after adult emergence. The sample numbers of planthoppers were 8 Ð18 in males and 14 Ð22 in females. Q-PCR results were translated into the number of Wolbachia in the whole body of N. lugens (Noda et al. 2001a ).
Test Crosses. CI was examined in the selected line of the transinfected N. lugens. Test crosses for CI were performed according to Noda et al. (2001a) . Mature nymphs of the transinfected line and the uninfected original line were isolated in a test tube to use the emerged adults for crosses. Four combinations of crosses were created: infected female ϫ infected male (I ϫ I), infected female ϫ uninfected male (I ϫ U), uninfected female ϫ infected male (U ϫ I), and uninfected female ϫ uninfected male (U ϫ U). Crosses were performed by introducing a virgin female (0 Ð1 d old) and a young male into a test tube for mating; eggs were oviposited into the rice seedlings in the test tube. The adults were removed after 7 d to check for Wolbachia infection by using PCR. All adults from the transinfected line were examined for infection because some planthoppers in the transinfected line did not possess Wolbachia. The pairs were discarded from the experiment when the planthopper of the transinfected line was PCR negative. Test tubes in which adults had died within 7 d were also discarded. Nine days after adult removal, the nymphs and eggs were counted in each tube. Developed eggs were discriminated from dead eggs by eye pigmentation in the eggs, which is apparent in the later stage of embryogenesis. The tubes containing nine or fewer progeny, including dead eggs, were discarded. The developmental rate of eggs was calculated for each tube. Because the percentage of developed eggs showed a nonparametric distribution, Kruskal-Wallis analysis was used to compare the CI levels among the crosses. Multiple comparisons using Scheffé test were also performed.
Results

Transinfection. After injecting Wolbachia into 171
N. lugens nymphs, we obtained 33 females (G 0 ) with which to start lines. Bacterial infection was examined in some nymphs of the next generation (G 1 ). Of the 33 lines, we observed PCR-positive progenies in two female lines (31 and 32). The remaining progenies of the two lines were reared to establish transinfected lines.
Wolbachia Infection Dynamics in the Transinfected Lines. The infection rates of Wolbachia in transinfection lines 31 and 32 were examined using PCR (Fig. 1) . At G 2 , 43Ð58% of females and males of N. lugens were infected with Wolbachia in the 31 and 32 lines. However, these two inbred lines exhibited different infection rate trends during G 3 ÐG 5 . Line 32 maintained the infection rate at 65Ð 88%, even though the infection rate in line 31 decreased. In line 31, no infected planthoppers were found after G 9 and no recovery in the infection rate was observed.
Progenies of infected female adults were selected for additional rearing to raise infection rates in both lines 31 and 32. Selection for progenies produced by infected females was performed at G 1 and G 2 . Some adult females were PCR-tested for Wolbachia infection at G 1 and G 2 after they were isolated from the colony and allowed to lay eggs individually. The progenies produced from the PCR-positive females were collected and reared as selected lines 31S and 32S; progenies produced from PCR-negative females in the selected lines were discarded. As described above, the infection rate of nonselected line 31 decreased to 2.0% at G 5 . In contrast, selected line 31S maintained the rate at 21.0% at G 5 . However, no infected adults were observed at G 10 in line 31S or in line 31, i.e., Wolbachia was lost in both nonselected line 31 and selected line 31S after G 9 . Conversely, selected line 32S maintained the infection rates of 63.3% at G 5 and 73.8% at G 10 , which were comparable to the infection rates in the nonselected line 32: 77.0% at G 5 and 71.3% at G 10 . We were unable to obtain a much higher infection rate in line 32S than in line 32. Thus, selection had no apparent effect on increasing the infection rate in line 32.
The microinjection experiment was performed in summer 2001; the two lines 32 and 32S were maintained in the laboratory for 7 yr (Ͼ80 generations). In the 44th generation (G 44 ) after transinfection, as estimated based on the duration after the transinfection and the period of planthopper generation, the female infection rate was 7.0% in line 32S (Table 1) . Reselection for Wolbachia infection was performed for six generations in the selected groups. The progenies produced by the infected females were selected and reared together in each generation. Female infection rates during this selection period were 28.4 Ð 61.5% but did not reach as high as those of generations G 3 ÐG 12 in both lines 32 and 32S. After selection was discontinued, the infection rate decreased: 0% (0/23) infection in females and 7.4% (2/27) infection in males were observed in the 23rd generation after the start of reselection (Ϸ66 generations after transinfection). Another selection was performed in nonselected line 32 at G 70 . The female infection rate of 32 at that time was 1.4%. Those of the next two generations G 71 and G 72 during the selection were 21.4 and 25.0%, respectively. Although selection increased the infection rate to some extent, we were unable to increase it to a high infection rate.
Infection Density. Conventional PCR showed that Wolbachia survived in some planthoppers in the transinfected lines. The Wolbachia quantity in planthoppers was measured using Q-PCR using G 7 adults of line 32S. The PCR templates were prepared from whole bodies of 0-, 4-, and 9-d-old females and males. The Wolbachia density in females increased concomitantly with days after adult emergence (Fig. 2) . The Wolbachia in the females were signiÞcantly more numerous on the 10th day than on the 1st day (Scheffé test, P Ͻ 0.01) and on the 5th day (P Ͻ 0.05). The number increased to Ͼ10 times the original number in 9 d. However, no considerable increase was observed and no signiÞcant difference was found in the number of Wolbachia among the adult males of varying ages (Kruskal-Wallis, P Ͼ 0.1; Fig. 2 ). Some individuals showed low values, suggesting little or no Wolbachia in them. As shown in Fig. 2 , all examined samples were included except those for which the ampliÞcation curve was not reliable in the Q-PCR. Uninfected control planthoppers showed negligible amounts of PCR products in all samples.
CI Expression in Transinfected N. lugens. Cytoplasmic incompatibility was examined in the transinfected line 32S at G 4 . In this study, cross-mating patterns are indicated as females on the left ϫ males on the right; therefore, incompatible crosses between uninfected females and infected males are represented as U ϫ I. Incompatibility was judged by the developmental rate of progeny in each adult pair. Figure 3A presents the average of developmental rates of crossing pairs in the four crosses. The percentages of developed eggs in the four crosses were signiÞcantly different (KruskalWallis, P Ͻ 0.01). The percentage of developed eggs in the incompatible cross U ϫ I was signiÞcantly lower (% developed eggs Ϯ SE ϭ 51.47 Ϯ 7.40%; n [the number of pairs] ϭ 28) than those of the I ϫ I crosses (80.27 Ϯ 8.09%; n ϭ 12; Scheffé test, P Ͻ 0.05), I ϫ U crosses (92.47 Ϯ 1.34%; n ϭ 12; P Ͻ 0.01), and U ϫ U crosses (96.77 Ϯ 1.14%; n ϭ 17; P Ͻ 0.01). However, no signiÞcant difference in the rate of developed eggs was found between the compatible crosses, the I ϫ I crosses and I ϫ U crosses, the I ϫ I crosses and U ϫ U crosses, and the I ϫ U crosses and U ϫ U crosses (Scheffé test, P Ͼ 0.1).
Distributions of the developmental rates for respective pairs in the four crosses are depicted in Fig. 3B . In Infection was detected using PCR. Each generation was formed from the progenies of infected females, except for the Þrst generation (generations 44 and 70 in lines 32S and 32, respectively).
a The no. of generations was estimated on the basis of the duration after Wolbachia transinfection. the incompatible cross U ϫ I, the rate of developed eggs varied widely among pairs (0 Ð100%). In the I ϫ I cross, two pairs showed a low developmental rate of eggs (11.27 and 30.77%). All pairs showed Ͼ80% development in their deposited eggs in the U ϫ U and I ϫ U crosses.
Discussion
Transinfection. Embryonic injection has been performed in several insects for the transfer of Wolbachia (Boyle et al. 1993 , Braig et al. 1994 , Chang and Wade 1994 , Grenier et al. 1998 , Sasaki and Ishikawa 2000 . Drosophila transgenesis technique was used for transinfection of Wolbachia (Santamaria 1986 , Karr 1994 ). Injection into eggs requires expertise in handling the small and fragile eggs. The capillary tip pores are usually small because the technique was developed for injection of DNA solution. However, Wolbachia injection necessitates a capillary with larger pores, which adversely affects embryo survival. Instead of egg recipients, microinjection into nymphal recipients enabled us to use capillaries with larger pores. Moreover, nymphal injection is easier to accomplish than embryonic injection. Nymphal or larval injection is therefore advantageous for small insects. Because Þrst-and second-instar nymphs of the brown planthoppers were too small to inject Wolbachia easily, we used third-and fourth-instar nymphs. The importance of this experiment is that it ensures the transovarial transmission of Wolbachia to the next generation. After receiving Wolbachia into the body cavity at the nymphal stage, recipient females usually oviposit the Þrst eggs within Ϸ10 d. Although in this study we expected Wolbachia propagation, spreading, and infection into the ovary and oocytes to occur during those 10 d, an even shorter duration may be sufÞcient for transovarial transmission of Wolbachia. In fact, Kang et al. (2003) bypassed the nymphal stage and injected Wolbachia into newly emerged adult females of the planthopper L. striatellus.
Injection sources of Wolbachia are usually prepared from eggs of donor insects (Boyle et al. 1993 , Braig et al. 1994 , Rousset and de Stordeur 1994 , Giordano et al. 1995 , Chang and Wade 1996 , Clancy and Hoffmann 1997 , Van Meer and Stouthamer 1999 , McGraw et al. 2001 , Riegler et al. 2004 . However, the egg cytoplasm of planthoppers sometimes solidiÞes when it is extracted into a glass capillary. To avoid this, we used Wolbachia cultured in vitro instead of direct transfer from donor insects. Rasgon et al. (2006) reported that Wolbachia of A. albopictus (wAlb A and wAlb B) were able to survive extracellularly for up to 1 wk and reinvaded cells in in vitro culture. Similar infection processes might occur in the planthopper body. We also believe that the cells, which were injected together with Wolbachia, shelter Wolbachia from the sudden environmental change that occurs after injection into the planthopper body cavity. Thus, using cultivated Wolbachia as an injection source is a useful alternative method for transferring Wolbachia into new hosts.
Infection Dynamics. In this study, two Wolbachia infected lines of N. lugens, 31 and 32, were obtained. However, the fates of Wolbachia injected into the new hosts differed. Wolbachia in line 31 disappeared after several generations, whereas Wolbachia in line 32 was maintained for 7 yr. Disappearance of Wolbachia from line 31 did not seem to occur by random chance because it also occurred in the selected line 31S. Similarly, unstable infection was reported in D. simulans injected with Wolbachia of a hymenopteran parasitoid (Van Meer and Stouthamer 1999) . Another example of disappearance from the infected line was observed in D. simulans, which had received Wolbachia from the parasitic wasp Leptopilina boulardi (Heath et al. 1999) .
Wolbachia was maintained stably for 12 generations after the transfer experiment in line 32, with an infection rate of Ϸ80% (Fig. 1) . Infection was maintained for a longer period, although the infection rate decreased later. Environmental conditions, which reportedly affect Wolbachia vertical inheritance (Hoffmann et al. 1996 , Mouton et al. 2006 , were expected to be identical between lines 31 and 32. We theorize that the difference in infection rate chage could be because of two reasons. One is that the host background was involved in the maintenance of Wolbachia. Transinfection studies of Wolbachia suggest host involvement in Wolbachia replication rates (McGraw et al. 2002) . Similarly, individual differences in the genetic makeup of these two lines may have affected the interactions between the Wolbachia and the planthoppers. The other reason is that the major Wolbachia genotype, which was established in the injected planthoppers, was somehow different between the two planthopper lines, although no obvious variants were detected in the Wolbachia (wStr) population of the planthopper.
The transinfection line of N. lugens retained an infection rate of 70 Ð90% in early generations. The rate, however, decreased and was maintained at Ͻ10% in G 40 ÐG 70 . We selected the progeny that were produced by Wolbachia-infected females. This selection was Þrst performed at G 1 and G 2 , in the early stages of rearing. However, no marked improvement for the infection rate was observed. This was the case in the selected line for several generations at G 44 in line 32S, although a temporary increase in the rate, from 28.4 to 61.5%, was observed.
The question as to why Wolbachia did not disappear instead of maintaining a low infection rate is enigmatic. Horizontal infection of Wolbachia among individuals without special vehicles such as parasites is unknown. Without horizontal transmission, infection in N. lugens is maintained in the colony only through vertical transmission. Theoretically, if vertical transmission is not perfect and Þtness between infected and uninfected hosts is the same or similar, the infection rate is predicted to decrease gradually, and the Wolbachia would be expected to disappear from the colony (Fine 1975) . Actually, the CI effect seemed to be weak in the present transinfected line. Fortunately, we were able to maintain the infected lines of N. lugens, but the reason why Wolbachia was retained in the infected line for 7 yr is difÞcult to determine.
Cytoplasmic Incompatibility. The crossing experiments described herein showed that the transinfected wStr cultured in vitro caused cytoplasmic incompatibility in N. lugens. The CI level, which is observed in the crosses between uninfected females and infected males, was weak; the average egg developmental rate in the pairs was 57.9% (Fig. 3A) . However, the CI in N. lugens was clear in some pairs (Fig. 3B) . Five pairs showed a 0% in egg development rate. A rate Ͻ20% was observed in one third of pairs (10/28).
The CI levels of transinfected lines vary among some insects. Transinfected Wolbachia sometimes induce stronger CI in a new host than in the native host ). However, Wolbachia show weak CI in new hosts overall. Sometimes, the CI level is unexpectedly low in Wolbachia transfer experiments (Boyle et al. 1993 , Riegler et al. 2004 . The CI level is thought to depend on the Wolbachia infection density in their host (Boyle et al. 1993 .
wStr induces strong CI in the native host L. striatellus, showing a 0% egg developmental rate (Noda et al. 2001a) , whereas wStr shows a 2.7% rate in S. furcifera. This weaker CI in S. furcifera is inferred to result from a lower density of Wolbachia in males than in those of L. striatellus (1/10th) (Noda et al. 2001a) . In this study, the infection density of Wolbachia in N. lugens males (10 6 Ð10 7 ) was higher than that in S. furcifera males (Ϸ10 6 ); the former is comparable to that in males of L. striatellus. However, Q-PCR showed low bacterial density in some male individuals. Unstable CI in the incompatible cross, uninfected female ϫ transinfected male (Fig. 3B ), seems to be related to the varied infection density in males.
The egg developmental rate of the compatible cross I ϫ I was not signiÞcantly different from that of the compatible crosses I ϫ U and U ϫ U (Fig. 3A) . Of 12 pairs in the cross I ϫ I, however, two showed low egg developmental rates: 11.3 and 30.8%. Thus, Wolbachia density in the ovary or eggs might have been low in the females of the two pairs. Such a density may have been insufÞcient to rescue CI, resulting in the low rate of embryonic development. In the other 10 pairs, which showed a much higher developmental rate in the deposited eggs (89.7Ð94.0%), CI rescue for WolbachiamodiÞed sperms in the eggs seemed to occur.
